30 Borosilicate glass is a durable solid, but it dissolves when in contact with aqueous fluids. The dissolution 31 mechanism, which involves a variety of sequential reactions that occur at the solid-fluid interface, has 32 important implications for the corrosion resistance of industrial and nuclear waste glasses. In this study, 33 spectroscopic measurements, dissolution experiments, and Monte Carlo simulations were performed to 34 investigate the effect of high-valence cations (HVC) on the mechanisms of glass dissolution under dilute 35 and near-saturated conditions. Raman and NMR spectroscopy were used to determine the structural 36 changes that occur in glass, specifically network formers (e.g., Al, Si, and B), with the addition of the 37 conditions reveals a divergence in the magnitude between the average steady state rates measured in these 44 different conditions. The reason for this divergence was investigated more thoroughly using Monte Carlo 45 simulations. Simulations indicate that the divergence in glass dissolution behavior under dilute and near-46 saturated conditions result from the stronger binding of Si sites that deposit on the surface from the 47 influent when Hf is present in the glass. As a result, the residence time at the glass surface of these newly-48 formed Si sites is longer in the presence of Hf, which increases the density of anchor sites from which 49 altered layers with higher Si densities can form. These results illustrate the importance of understanding 50 solid-water/solid-fluid interactions by linking macroscopic reaction kinetics to nanometer scale interfacial 51 processes. 52
radionuclide release, an increase in the fundamental understanding of these processes is required to 82 improve confidence in the long-term storage of vitrified nuclear waste in geologic systems (Gin, 2014 ; 83 Gin et al., 2015; Grambow, 2006; Hellman et al., 2015; Putnis, 2015) . 84 An important step in improving our ability to accurately forecast radionuclide release from corroding 85 nuclear waste glass is to establish a link between the glass atomic-level structure and macroscopic 86 dissolution behavior. In recent years, studies have placed emphasis on exploring this linkage in greater 87 detail (Angeli et Si-O-Si linkages contributed to the dissolution rate, whereas, at high B/Al ratios, the dissolution rate 96 was independent of the rupture of Al-O-Si linkages and was controlled by the dissolution of surface 97 silicon sites with one bond to the glass and by dissolution via detachment of clusters. Furthermore high-98 valence cations (HVC) (e.g., hafnium and zirconium), which can be inserted into a Si network in the 99 presence of charge compensators, can have a significant impact on the atomic-level structure and 100 macroscopic dissolution behavior of aluminoborosilicate glasses (Cormier et al., 2000; Galoisy et al., 101 8 detailed discussion on the poor signal-to-noise observed when using different configurations to collect 180 conventional and deep-UV Raman spectra on a range of glass compositions. The pore signal-to-noise in 181 conventional Raman spectroscopy with visible light (457.9 nm and 514.5 nm) was the result of weak 182
Raman signals and excessive Rayleigh scattering and fluorescence arising from surface features. The 183 decision to select deep-UV to minimize the impact background noise resulted in a trade-off because of the 184 restricted spectral range. Therefore, the spectral analyses focus on the stretching modes, both network and 185 those involving non-bridging oxygen (NBO) atoms, which occur at higher frequencies. 186
A more detailed description of the curve fitting procedure is provided in Windisch et al. (2011) . 187
Briefly, spectral analysis including curve fitting was performed using Thermo Scientific (Waltham, MA) 188
Grams/32 AI software. Grams/32 AI uses the Levenburg-Marquardt non-linear peak fitting method. It 189 was applied here using Gaussian peak functions and restricted to the 800-1200 cm -1 region of the 190 spectrum. Prior to curve fitting, a weak exponential baseline correction was used to remove the small 191 amount of background that persists in this region even with deep-UV excitation. 192
Magic Angle Spinning-Nuclear Magnetic Resonance spectroscopy 193
Magic angle spinning nuclear magnetic resonance (MAS-NMR) spectroscopy was conducted on 194 unreacted glass powder samples, <75 µm (e.g., <200 mesh), to obtain information on glass structure and 195 relate the effect structure exerts on glass dissolution. The local coordination geometry around the Al, B, 196 Na, and Si atoms on four of the five glasses was investigated at room temperature by 27 Al, 29 Si, 23 Na, and 197
B MAS-NMR. 198
The 11 B, 23 Na, and 27 Al MAS-NMR spectra were collected on a Bruker Avance II Spectrometer at a 199 magnetic field of 11.72 T (500 MHz) using a 4 mm (o.d.) Bruker CPMAS probe (spinning frequency 200 14 kHz). All spectra were acquired using a single pulse excitation (SPE) with a short pulse length (1µs, 201 tip angle 15°) to obtain a quantitative measurement (homogeneous excitation of all sites with respect to 202 their quadrupolar coupling constant strength) and a recycle delay of 1s for 23 Na and 27 Al, and 2 s for 11 B. 203 Approximately, 4096 scans were collected for each sample. For 11 B, multiple-quantum magic-angle 204 9 spinning (MQMAS) spectra optimized for BO 3 and BO 4 observation (2 spectra for each sample) were 205 acquired as described in Angeli et al., (2010) . A correction was applied for the contribution of the satellite 206 transition (ST) spinning sidebands to the BO 4 centerband in the 11 B SPE MAS NMR spectra. We 207 performed this correction by subtracting the ST spinning sideband (second order) from the spectrum 208 centerband. As discussed in the Supplemental Information, this method is supported by the fact that all 209 spinning sidebands near the centerband have the same lineshape ( Fig. SI3 ) and their variation in intensity 210 from second order to centerband can be neglected (Fig. SI4 ). This correction is displayed in Fig. SI5 and 211 typically amounts to a reduction of ~2% of the BO 4 population. Further analysis of the BO 4 peak was 212 obtained by the TOP method (Massiot et al., 2006) . Briefly, this approach consists of folding back all the 213 spinning sidebands into the centerband frequency range, but introducing their order in a second 214 dimension. By extracting columns at a given chemical shift the shape of its spinning sideband manifold is 215 revealed, which mostly reflects the quadrupolar NMR parameters. Angeli et al. (2010) demonstrated that 216 this type of analysis is critical in identifying the existence of at least two BO 4 species and in the 217 applicability of the Gaussian Isotropic Model (GIM) (thus the existence of a finite quadrupolar interaction 218 with a non-zero asymmetry parameter). Those two sites are also evidence in the MQMAS spectra (as 219 discussed below). The 11 B chemical shifts are referenced to an external sample of 1 M boric acid solution 220 (19.6 ppm). A 1 M AlCl 3 solution was used as external reference for 27 Al NMR spectra and 23 Na chemical 221
shifts was referenced to a 1 M NaCl solution. The 29 Si MAS-NMR spectra were acquired on a Bruker 222
Avance I spectrometer at a magnetic field of 7.02 T using a Bruker 4 mm (o.d.) Bruker CPMAS probe 223 (spinning frequency 12.5 kHz). A Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence (Larsen and 224 Farnan, 2002 ) was used with a recycle delay of 20 s (no change in lineshape was observed for longer 225 recycle delay of 200 s, 800 s, Fig. SI6 and Fig. SI7 ). The spectra are referenced to an external 226 tetrakistrimethylsilane (TKS) sample for which the highest intensity peak is situated at -9.9 ppm from that 227 of tetramethylsilane (TMS). 228
All data were processed and fitted using in-house written software. Methods for fitting the spectra 229 have been detailed in Angeli et al., 2012 between a Gaussian distribution for the isotropic chemical shift and the GIM for the quadrupolar 235 parameters (namely the C Q and η  ). It is important to note that the GIM distribution yields a constant 236 mean value of 0.6 for η  . For BO 3 units, the product of three Gaussian distributions was chosen, as 237 detailed in Angeli et al. (2010) . All 1D spectra are displayed normalized to the same maximum height. 238
Buffer Solutions 239
The influent solutions used to control the pH during the dissolution experiments were prepared with 240 0.05 M tris hydroxymethyl aminomethane (THAM) buffer in 18 MΩ·cm deionized water (DIW). The 241 silicon concentration in the influent solution was varied from dilute to saturated for these experiments by 242 adding the appropriate amount of analytical grade silicic acid powder (SiO 2 ·H 2 O) to the THAM buffer 243 and heating the solution in a 40°C oven for no less than three days to facilitate complete dissolution of 244 SiO 2 ·H 2 O. Upon complete dissolution each solution was removed from the oven, allowed to cool, and pH 245 adjusted [target pH(23°C) = 9.0] with aliquots of 15.8M HNO 3 or 1M LiOH. Prior to pH-adjusting the 246 influent solutions, the pH probe was calibrated with National Bureau of Standards (NBS) buffers 247 (pH = 7.00, 10.00, and 12.00 at 23°C). The precision of the pH measurement was ±0.1 pH units. conducted under near-saturated conditions. Typically, background concentrations of elements are below 265 the sample estimated quantification limit (EQL). The sample EQL is determined by multiplying the 266 sample dilution factor by the lowest calibration standard that can be determined reproducibly during an 267 analytical run within 10%. Before analysis, aliquots of the influent and effluent solutions were acidified 268 with ultra-high-purity concentrated HNO 3 . 269
Single-Pass Flow-Through (SPFT) System and Effluent Solution Analysis 270
For dilute solutions, the dissolution experiments were conducted at the forward or maximum 271 dissolution rate with the single-pass flow-through (SPFT) apparatus (Fig. 1) . For consistency, the 272 solutions containing dissolved Si were carried out under the same forward rate conditions (i.e., similar 273 ratio of the flow rate to surface area [q/S] conditions) as the dilute solutions. The SPFT system and the 274 techniques used to calculate the dissolution rate has been extensively described by others (Icenhower et The experimental chemical compositions given in Table 2 were used as a basis for the MC 351 simulations. However, to simplify the glass compositions and isolate the effects of hafnium, aluminum 352 was considered to behave similarly to silicon and thus the SiO 2 mole percent was set to be equal to the 353 can be found in our previous publication (Kerisit and Pierce, 2012) . In that study, the flow probability 359 value used here was found to yield dissolution rates equal to the forward/initial dissolution rate of sodium 360 borosilicate glasses. Here we define flow probability as the probability for removal of dissolved glass 361 components from aqueous solution. This parameters is used to simulate the effect of flow on glass 362 dissolution. In addition, to simulate the presence of silicon in the influent of the near-saturated dissolution 363 experiments, a constant silicon background concentration was added in the MC simulations. To 364 investigate the effects of the influent Si concentration, the silicon background concentration was varied 365 from 0 to 90% of the Si saturation concentration obtained with the model parameters given above. 366
EXPERIMENTAL RESULTS

367
3.1 27 Al, 23 Na, 29 
Si, and 11 B MAS-NMR 368
The 27 Al MAS-NMR spectra (Fig. 2) collected for the HF-series glasses confirm that Al is in a 369 tetrahedral coordination, as indicated by a 27 Al peak maxima centered near 60 ppm. Furthermore less than 370 a ±0.5 ppm shift in the 27 Al spectra is observed suggesting that Al local environment is not being 371 significantly altered with the addition of hafnium. 27 Al MAS-NMR spectra were fitted using the methods 372 16 described in (Angeli et al., 2007) . It was also found that using Lorentzian broadening improved the fit 373 (Fig. SI8, 0 .5 -0.7 ppm). NMR parameters are reported in Table 3 . 376
The 23 Na MAS-NMR spectra are reported in Fig. 3 . 23 Na MAS-NMR spectra have been fitted 377 accounting for the distribution of the NMR parameters (Angeli et al., 2007) . It was found that a small 378 Lorentzian broadening (same for all samples 4.3 ppm, this might reflective of small amount of 379 paramagnetic impurities such as Fe) improve the fit (Fig. SI9) . NMR parameters are given in Table 4 . A 380 small decrease of the mean value of the δ iso with Hf content increasing is observed. 381
The 29 Si MAS-NMR spectra shown in Fig. 4 confirms the dominant local coordination for Si-atoms 382 within the HF-series glasses are tetrahedral (
Si) with corresponding resonances centered near -95 ppm. 383
As the hafnium content in the glass increases the peaks near -95 ppm slightly shifts from a peak 384 maximum of -96 ppm for HF-1 to a peak maximum of -94 ppm for HF-5, with a lower broadening. 385 B) groups are both present. The broader 387 band centered around 13 ppm corresponds to [3] B, whereas the sharper peak centered around -2 ppm 388 corresponds to [4] B. An increase of the [3] B fraction with the Hf content increasing is clearly observed, 389 along with only a slight modification of the [3] B lineshape (see Fig. 5 inset) and a shift of the [4] B line to 390 higher chemical shifts. In the case of the broad peak for the 2010; Bergeron et al., 2010) . This is also consistent with the Raman band observed between 1400 and 396 1480 cm -1 , which is directly associated with changes in B local structure. Additional analysis of the 397 spectra was required to quantify the percentage of BO 3 (B) and BO 3 (Si) B) measured at each field was within 1 to 2% of each 401 other (see Fig. SI10 ). 402
Dissolution Experiments on HF Series Glasses 403
All SPFT experiments were monitored for Al, B, Na, and Si concentration in effluent solutions. The 404 experiments were conducted until element concentrations were invariant with respect to time, i.e., steady-405 state conditions were achieved (see Fig. SI11 ). Average steady-state normalized dissolution rates in dilute 406 and silica saturated experiments are listed in Table 5 along with the experimental conditions, including 407 average steady-state element concentrations, flow-through rates, and coupon surface areas. In all 408 experiments the Al and Hf concentrations were below the detection limit and the B and Na concentrations 409 for HF-5S glass sample tested under near-saturated conditions was below the detection limit; therefore the 410 value for this experiment represents a maximum rate. All experimental uncertainties reported in Table 5  411 are 2σ errors. 412
Dissolution rates under dilute conditions and pH(23°C) = 9.0 decreased with increasing Hf-content of 413 the glass (Fig. 6) . For the HF-1 glass composition, the average dissolution rate, based on B, rate over the glass series from 0 to 15 mol% HfO 2 . As previously mentioned, B and Na concentrations for 420 the HF-5S sample (20 mol% HFO 2 glass under saturated conditions) was at or below the detection limit. B contained in these samples decreases by 0.75 mol% and 3.2 mol%, 442 respectively, from HF-1 to HF-4; but instead of the peak positioning shifting to more negative values or 443 remaining the same, it moves in the direction of more positive values (Fig. 4) . This is somewhat counter 444 intuitive because a decrease in the [4] Al and B coordination sites, the spectrum is also consistent with the presence of multiple sites-457 specifically tetrahedral borate groups surrounded by either four Si ( B, two components were used as constrained from the MQMAS lineshape of the [3] B, as shown 468 in Fig. 9 where the asymmetrical lineshape of the isotropic projection require the use of (at least) two 469 components. Using all these constraints from the MQMAS data, the MAS-NMR spectra could be fitted 470 simultaneously using four components as described in Table 6 (see Fig. SI18 and Fig. SI19 ). The 471 quantification of the boron sites is reported in Table 7 . The variation of the N 4 fraction (ratio of [4] B to 472 20 total B), as extracted from the analysis of the 11 B MAS NMR spectra, as shown in Fig. 10 shows a 473 decrease with increasing HfO 2 content. This is the result of Na 2 O being used to charge compensate for the 474 addition of hafnium in the glass. The N 4 fraction for HF-2 was estimated using Eqn. 
Comparison of rates measured under dilute and near-saturated conditions 516
To compare the rates measured under dilute and near saturated conditions, the rates measured in 517 experiments conducted at pH(23°C) = 8.0 in saturated solutions were adjusted using Eqn. A comparison of the rates collected under dilute and saturated conditions shows that the decrease in 524 element release rates with increasing HfO 2 mol% in the glass is not as strong as in silica saturated 525 solutions (Fig. 11) . For example, a comparison between the HF-1D and HF-1S rates (collected under 526 dilute and saturated conditions) show a 1.8× difference in rate, whereas a comparison of the same data for 527 HF-4D and HF-4S shows a 7× difference in the rates. These results illustrate that the addition of 528 high-field strength cations have a significant impact on the dissolution rate of aluminoborosilicate glass. 529
Changes in the structure through the distribution of Si-O-Hf bonds, which makes the glass network 530 increasingly resistant to hydrolysis, with increasing hafnium content explains a portion of the observed 531 decrease. 532
Comparing these results to dissolution rates measured by Bergeron et al. (2010) on Hf-bearing soda-533 lime borosilicate glasses (Fig. 11) . These experiments were conducted under dilute conditions at 534 T = 90°C, pH(23°C) = 7.0, and krypton adsorption Brunauer-Emmett-Teller (Kr-BET) (Brunauer et al., 535 1938 ). Due to the differences in experimental conditions between the two studies, the results from 536 Bergeron et al. (2010) were normalized to the experimental conditions conducted in this study (see 537 Supplemental Information). A comparison of these results suggests the rates measured by Bergeron et al. 538 (2010) are comparable, but slightly faster than the rates measured in this study. The slightly higher rates 539 are probably the result of aluminum being absent from the Hf-bearing and Zr-bearing soda-lime 540 borosilicate glasses tested by Bergeron et al. (2010) . 541
Effect of Hf on dissolved Si at glass-fluid interface 542
Monte Carlo simulations of the HF glass-water reaction were conducted to determine why the glass 543 dissolution rate is affected by the concentration of Si in the influent solution. The main objective was to 544 determine the reason for the deviation in dissolution rates measured under dilute and near saturated 545 conditions. Fig. 12(a) shows the B release rates as a function of HfO 2 mole percent relative to that 546 23 calculated at 0 HfO 2 mol% and Fig. 12(b) shows the same data but presented as a function of the 547 percentage of Si saturation concentration and relative to the B release rate obtained in dilute conditions. 548
Each data point represents the average of five different simulations. All the simulations were run for 549 80,000 steps or until the glass slab dissolved entirely, whichever came first. 550
It should be noted that some of the simulations predicted the formation of a blocking layer at the 551 glass-water interface through which water does not percolate, as is observed during simulations of the 552 dissolution of sodium borosilicate glasses in static conditions (Aertsens, 1999 increases due to the glass dissolution through hydrolysis, Si condensation at the glass surface becomes 555 increasingly prominent and the combined effects of hydrolysis and condensation reactions lead to a 556 decrease in the proportion of Si sites with a low number of connections to nearest-neighbor Si sites in 557 favor of Si sites with a high number of such connections, which will be referred to as low-connectivity 558 and high-connectivity sites, respectively. As this process is more advanced in the upper part of the altered 559 layer, which has been in contact with the aqueous solution the longest, a dense Si layer can form 560 eventually and thus prevents water from corroding the glass further. 561
In the conditions simulated here, the overall process is similar except that the source of silicon that 562 deposits on the surface comes predominantly from the influent rather than from the dissolving glass due 563 to the high flow and the presence of Si in the influent. Consequently, the likelihood for forming a 564 blocking layer increases with increasing Si concentration in the influent. Additionally, as discussed in 565 more detail below, the presence of Hf strengthens the altered layer and provides strong binding sites for 566 silicon atoms that deposit on the surface. Therefore, the likelihood for forming a blocking layer also 567 increases with increasing Hf content. As a result, a blocking layer formed within the time scale of the 568 simulations for all glasses containing Hf when the Si concentration in the influent was 80% or 90% of the 569
Si saturation concentration as well as for HfO 2 contents of at least 4.5%, 8.3%, and 11.5% when the Si 570 influent concentrations were 70, 50, and 25% of the Si saturation concentration, respectively. In instances 571 24 where a blocking layer formed, the B release rate was calculated from the period of time preceding its 572 formation. As the blocking layer forms more rapidly with increasing Si concentration in the influent and 573
HfO 2 content, the B release rates determined in high Si influent concentrations and HfO 2 mole percents 574 were extracted from fewer data points and thus carried higher uncertainties. Therefore, linear regressions 575 that yielded R 2 values of less than 0.99 are not shown in Fig. 12 . 576
The main finding, illustrated in Fig. 12(a) , is that the extent of the decrease in the B release rate, 577 relative to that determined for glasses without Hf, is dependent on the influent Si concentration, with 578 steeper drops for larger amounts of Si in the influent. This trend is in qualitative agreement with the 579 experimental results shown in Fig. 10 and 11. To explain this phenomenon, we first note that, in dilute 580 conditions, there is essentially no condensation of Si at the surface and the decrease in rate with 581 increasing Hf content is solely due to the strengthening effect of Hf, which makes the glass more difficult 582 to dissolve. As the Si influent concentration increases, the rate of Si condensation at the glass surface also 583 increases. For glasses that do not contain Hf, the hydrolysis and condensation reactions take place as 584 described above, where low-connectivity sites are easily detached and the proportion of high-connectivity 585 site increases. As the Hf content is increased, Hf atoms exposed at the surface provide sites where silicon 586 atoms that deposit from the influent onto the surface can bind strongly. Because of this effect, 587 newly-formed low-connectivity sites that would otherwise be dissolved easily now have a much longer 588 residence time at the glass surface. This process, in effect, provides a greater density of anchor points 589 from which altered layers can form with greater Si densities than in the absence of Hf. As a result and as 590 illustrated in Fig. 13 , water penetrates the glass at an even slower rate when the influent contains Si than 591 in dilute conditions and thus the B release rate decreases to a greater extent. Fig. 12(b) offers a different 592 way to visualize this effect. Indeed, it shows that, although the B release rates do decrease with increasing 593
Si influent concentration in the absence of Hf, as is seen experimentally, the extent of decrease becomes 594 more significant as the HfO 2 content is raised. Therefore, the experimental observation that the effect of 595
Hf is greater in near-saturated conditions is explained by the Monte Carlo simulations to be due to an 596 25 increased probability for formation of a blocking layer and to an increased driving force for condensation 597 of silicon at the glass surface in the presence of Hf. 598
To conclude this section, there are two effects of the presence of Hf on glass dissolution: (1) 599 strengthening of the glass network and (2) stronger binding at the surface of Si condensing from aqueous 600 solution. The first effect can be isolated in the simulations in dilute conditions and the role of the second 601 effect increases as the Si concentration in the influent is increased. The two parts of Fig. 12 allow for a  602 quantitative determination of these two effects. For example, Fig. 12(a) shows that strengthening of the 603 glass network leads to a ~50% reduction in dissolution rate when 10 mol% HfO 2 is added to the glass and 604 
CONCLUDING REMARKS
608
The addition of high-field strength cations into the structure of borosilicate glass has a significant 609 impact on its dissolution rate. Changes in the structure of network former elements, specifically boron, 610 and the distribution of Si-O-Hf bonds with increasing hafnium content explains a portion of the 611 observed decrease in the dissolution rate. The divergence in magnitude between the average steady-state 612 release rates measured under dilute and near-saturated conditions are the result of silicon atoms in the 613 influent binding to Hf atoms exposed at the surface forming a low connectivity site. Because of the longer 614 residence time of low connectivity sites at the glass surface, the density of anchor sites from which altered 615 layers can form with higher silicon densities are greater in the presence than in the absence of Hf. These 616 results highlight the importance of improving our understanding of solid-water reactions with the goal of 617 linking macroscopic reaction kinetics to nanometer scale interfacial processes. Overcoming this 618 knowledge gap is key to the advancement of multi-scale or hybrid models used to forecast contaminant 619 release from nuclear waste glass, and in a more global sense, the geochemical cycling of elements in the 620 Earth's Critical Zone. 
